Long-term application of Tamoxifen (TAM) is usually recommended for hormone receptor positive breast cancer patients. Unfortunately, TAM will inevitably increase the incidence of endometrial hyperplasia even endometrial cancer. Despite of substantial investigations, no effective approaches to prevent TAM-induced endometrial carcinogenesis have been acknowledged. In this study, we found that inhibition of Nrf2 could be valuable to prevent TAM-induced endometrial hyperplasia. Upon TAM treatment, the mRNA and protein expression of autophagy adaptor SQSTM1 was specifically increased in endometrial cells but not breast cancer cells. Knocking-down of SQSTM1 expression retarded TAM-promoted growth of endometrial cancer cells. TAM stimulated SQSTM1 transcription specifically in endometrial cells by enhancing phosphorylation and nuclear translocation of Nrf2. Indeed, the expression of Nrf2 and SQSTM1 were positively correlated in primary endometrial tissues. In rats with TAM-induced endometrial hyperplasia, both Nrf2 and SQSTM1 expression were increased. Nrf2 inhibitor brusatol effectively attenuated TAM-induced SQSTM1 upregulation and endometrial hyperplasia. The kinase of Nrf2, PRKCD, was activated by TAM. Once PRKCD was depleted, TAM failed to promote Nrf2 phosphorylation and SQSTM1 expression. In summary, TAM stimulated Nrf2-dependent SQSTM1 transcription to promote endometrial hyperplasia by activating PRKCD. Therefore, blocking PRKCD-Nrf2-SQSTM1 signaling could be useful to prevent TAM-induced endometrial hyperplasia.
Introduction
As the first generation of selective estrogen receptor modulators (SERMs), tamoxifen (TAM) is a triphenylethylene derivative widely used for the treatment of HR (Hormone receptor) positive breast cancer [1, 2] . Though new generations of SERMs such as toremifen, raloxifene and anastrozole have been developed, TAM is still the dominant endocrine therapy drug recommended for the long-term management of premenopausal breast cancer patients [3, 4] . However, the long-term use of TAM will increase the incidence of endometrial hyperplasia, even endometrial cancer [2, 5, 6] . Previous reports revealed that TAM could act as weak estrogen in uterus to activate the transcription of ER (estrogen receptor) target genes, such as PAX2 [7] , NR5A [8] and Syncytin-1 [9] . However, effective clinical approaches to prevent TAM-induced endometrial carcinogenesis are still lacking.
Ivyspring
International Publisher SQSTM1/p62 (Sequestosome 1), is an autophagy-related adaptor protein to mediate the degradation of ubiquitinated cargo, via its LC3 interacting region (LIR) and C terminal ubiquitin association (UBA) domain [10] [11] [12] . In addition, it can interact with KEAP1 (Kelch-like ECH-Associated protein 1) to disrupt Keap1-Nrf2 interaction, thus stabilizing Nrf2 (nuclear factor erythroid 2-related factor 2, NFE2L2) to trigger the antioxidant response [13, 14] . SQSTM1 can also interact with many other signaling molecules such as TRAF-6 (TNF receptor-associated factor 6) [15, 16] and Raptor [17, 18] , leading to the activation of NFκB and mTORC1 (mammalian target of rapamycin complex 1) pathway, respectively. As a proof-of-principle, SQSTM1 was highly expressed to promote the pathogenesis of many tumors. For example, autophagy deficiency promoted tumorigenesis by activating NFκB and Nrf2 signaling in a SQSTM1 dependent manner [19] [20] [21] . SQSTM1 expression can also be induced by oncogenic Ras signaling to sustain active NFκB signaling in lung adenocarcinoma and pancreatic ductal adenocarcinoma [22, 23] . Yin Yang 1 (YY1) inhibited miR372 transcription to elevate SQSTM1 expression in breast cancer [24] . Moreover, SQSTM1 can be activated by phosphorylation at serine 351 in hepatocellular carcinoma [25] . However, it remains unknown whether SQSTM1 is relevant to TAM-induced endometrial carcinogenesis.
Transcription factor Nrf2 promotes the transcription of its target genes to regulate the antioxidant response through binding to the antioxidant response element (ARE) [26, 27] . Meanwhile, activation of Nrf2 signaling was relevant to cancer development [26, 28, 29] . For example, oncogenic Ras signaling promoted drug resistance by increasing Nrf2 transcription [30] . In addition, phosphorylation of Nrf2 at serine 40 by protein kinase C delta (PRKCD) promoted the disassociation of Nrf2 from KEAP1 and facilitated the nuclear translocation of Nrf2 [31] . On the other hand, serine 568 phosphorylation of Nrf2 by Fyn promoted its nuclear export and subsequent degradation [32] .
In this study, we found that TAM stimulated Nrf2-dependent SQSTM1 transcription to promote cellular growth specifically in endometrial but not breast cancer cells. Upon TAM treatment, Nrf2 translocated to nucleus to activate SQSTM1 transcription, as a consequence of PRKCD-mediated phosphorylation. Inhibition of Nrf2 significantly attenuated TAM-induced endometrial hyperplasia, indicating that Nrf2 inhibitor could be valuable for the prevention of TAM-induced endometrial carcinogenesis.
Materials and Methods

Antibodies, Plasmids and Chemicals
Cells were cultured in DMEM or RPMI-1640  medium  (Invitrogen,  Carlsbad,  CA,  USA) supplemented with 10% fetal bovine serum at 37℃ with 5% CO 2 and 95% humidity. Anti-SQSTM1/p62 antibody and SQSTM1/p62 plasmid were used as previous reported [24] . Anti-Nrf2 antibody was purchased from Proteintech (Wuhan, China), anti-Nrf2 (phospho S40) antibody and anti-Histone H3 were purchased from Abcam (Shanghai, China), anti-GLS antibody was purchased from Abgent (Suzhou, China), anti-PKC delta antibody was purchased from BD biosciences (Shanghai, China), anti-phospho PKC delta (Thr505) and anti-Actin antibody were purchased from Cell Signaling Technology (Shanghai, China). TAM and 4-OH-Tamoxifen (4-OH-TAM) were purchased from Sigma Aldrich (Shanghai, China). Brusatol was purchased from Tauto Biotech (Shanghai, China).
Plasmids and siRNA Transfection
For plasmid transfection, cells were seeded overnight in 6 or 12 well plates and 1-2 μg of plasmids were transfected with X-tremeGENE HP DNA Transfection Reagent (Roche Applied Science, Shanghai, China). Cells were harvested for RNA and protein extraction after 48-72 hours of transfection. For siRNA transfection, cells were seeded overnight in 6 or 12 well plates and transfected using Lipofectamine TM RNAiMAX transfection reagent (Thermofisher Scientific) according to the manufacturer's instructions. After 24h transfection, 4-OH-TAM or inhibitors were added for another 24 or 48 hours. All siRNAs were synthesized by Genepharma (Shanghai, China) and the detail sequences were listed in Supplementary Table 1 .
Cell growth assay
The CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay kit (Promega, Beijing, China) was applied to measure cell viability. Briefly, 72 hours after 4-OH-TAM treatment, the MTS reagents were added to each well, and cell viability was measured following the manufacturer's instruction.
Western Blotting
Cell lysates harvested were quantitated by BCA protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Lysates were resolved by SDS-PAGE, transferred to PVDF membranes and probed with the indicated primary antibodies, then washed with TBS-T (TBS with 0.1% of and incubated with suitable HRP-conjugated secondary antibodies (Dako, Glostrup, Denmark). The membranes were visualized with enhanced chemiluminescence (EMD Millipore, Billerica, MA, USA) in Amersham Imager 600 system (GE Healthcare Life Sciences, Shanghai, China).
RNA extraction and Quantitative real-time RT-PCR
Total RNA was extracted with Trizol reagent (Invitrogen) according to the manufacturer's instructions. RNA concentrations were quantified by NanoDrop 2000 (Nanodrop, Wilmington, Del., USA). The High Capacity cDNA Reverse Transcription Kit (Thermofisher Scientific Inc., Shanghai, China) was used for reverse transcription according to the manual provided. Briefly, 2μg total RNA was used for each reaction. The mRNA expression level was determined by quantitative real-time PCR using SYBR Green Master Mix Kit and Light Cycler 480 II system (Roche, Shanghai, China). Beta-actin was used as an internal control of RNA integrity. All primers used were listed in Supplementary Table 2.
Nuclear and cytoplasmic protein extraction
The Thermo Scientific™ NE-PER™ Nuclear and Cytoplasmic Extraction Reagent was applied for the extraction of nuclear and cytoplasmic proteins. 5-8×10 5 /well of cells were seeded in 6-well plates overnight, and incubated with 4-OH-TAM for various times as indicated. Cells were then collected by trypsin digestion, washed with chilled PBS. The extraction reagents were added to the pelleted cells step by step. The cytoplasmic and nuclear proteins were collected separately, following the manual provided.
Chromatin Immunoprecipitation
Chromatin Immunoprecipitation (ChIP) was performed with the SimpleChIP™ Enzymatic Chromatin IP Kit (#9003, Cell Signaling Technology, Boston, MA, USA) according to the manufacturer's instructions. Briefly, cells were first fixed with 4％ formaldehyde for crosslinking of protein and chromatins were harvested and fragmented using sonication. The chromatins were immunoprecipitated with antibody specific to Nrf2. After immunoprecipitation, the protein-DNA crosslinks were reversed and genomic DNAs were purified. The enriched DNA fragments were detected by quantitative real-time PCR with a pair of primers around the Nrf2 binding sites of SQSTM1 gene. The primers used were list in Supplementary Table 2.
Immunohistochemistry (IHC) staining
Formalin-fixed and paraffin-embedded human endometrial tissue sections were immunostained with anti-SQSTM1 or anti-Nrf2 antibodies, using microwave antigen retrieval in 0.01M pH6.0 citrate buffer. After washing, signal was detected using suitable HRP labeled secondary antibody with DAB as the chromagen (Dako, Denmark).
Animal Studies
Female SD rats about 8 weeks old were purchased from Slac Laboratory Animal Inc. (Shanghai China) and maintained under specific pathogen-free conditions. For ovariectomy, rats were anesthetized with 8% chloral hydrate (0.5ml/100g). The ovaries were ligatured from uterus with hemostat and surgical suture, and removed by cutting through tissues on the rostral side of each hemostat. The ovariectomized rats were randomly divided into three groups, DMSO group, DMSO+TAM group and TAM+Bru group. In DMSO group, mice were intraperitoneal injected with DMSO as the control. In DMSO+TAM group, mice were intraperitoneal injected with TAM (10mg/kg) in DMSO.
In TAM+Bru group, mice were intraperitoneal injected with TAM plus brusatol (1mg/kg) twice per week. Forty days later, the rats were anesthetized with chloral hydrate and the uterus were collected for RNA and protein extraction, or fixed with 4% formaldehyde immediately for HE staining. The thickness of endometrium was measured from 3 random sites of each sample after HE staining.
Luciferase activity assay
SQSTM1/p62 promoter (p62-pro) fragment (from -2046 to +127) with Nrf2 binding site (from -1258 to -1245) was cloned by PCR. Primers used were included in Supplementary Table 2. PCR product was double digested with NheI/HindIII and inserted into pGL2 vector (Promega, Shanghai, China). Cells (1×10 5 ) seeded in 12-well plates were co-transfected with Flag-Nrf2 or its mutants, various luciferase reporters and pRL-TK Renilla control luciferase reporter (Promega). Forty-eight hours after transfection, the activities of firefly luciferase and renilla luciferase were measured using the Dual-Glo TM luciferase assay system (Promega). Relative luciferase activity was normalized with renilla luciferase activity.
Statistical analysis
Unless specified, the Student's t tests were performed to analyze statistical difference. P values less than 0.05 were considered statistically significant.
Results
TAM promoted endometrial cell growth via upregulating SQSTM1 expression
4-OH-tamoxifen (4-OH-TAM, the active form of TAM) can effectively inhibit the growth of breast cancer MCF7 cells. However, it failed to inhibit even moderately promoted the growth of two independent endometrial cancer cell lines RL95-2 and AN3CA (Supplementary Figure 1) . Interestingly, both 4-OH-TAM and TAM increased SQSTM1 protein level in a dose-or time-dependent manner, in both RL95-2 and AN3CA but not MCF7 cells ( Figure 1A and B, Supplementary Figure 2A and B). High concentration (20µM) of 4-OH-TAM significantly increased SQSTM1 expression and caused no growth inhibition of either RL95-2 or AN3CA cells. However, 4-OH-TAM killed most of MCF cells at this concentration. Importantly, TAM-promoted growth of RL95-2 and AN3CA cells were attenuated upon SQSTM1 knock-down ( Figure 1C ). In contrast, TAM induced growth inhibition in MCF7 cells regardless of SQSTM1 expression ( Figure 1C ). TAM activated SQSTM1 transcription in a Nrf2-dependent manner Next, we wonder how TAM increased SQSTM1 expression in endometrial cancer cells. Interestingly, both 4-OH-TAM and TAM increased SQSTM1 mRNA level in endometrial cancer cells but not breast cancer cells (Figure 2A , Supplemental Figure 3A , B and C). There is a canonical antioxidant response element (ARE) in SQSTM1 promoter region and Nrf2 could bind this ARE to activate SQSTM1 transcription under oxidative stress [33] . Therefore, we assumed that Nrf2 might be relevant to TAM-induced increase of SQSTM1 mRNA. Indeed, the interaction of Nrf2 with SQSTM1 promoter was enhanced upon TAM treatment ( Figure 2B) . Moreover, Nrf2 significantly increased the activity of luciferase driven by SQSTM1 promoter (Figure 2C ), indicating that TAM might activate SQSTM1 transcription by Nrf2. In support of this, genetic knock-down of Nrf2 expression impaired TAM-promoted SQSTM1 expression and endometrial cell growth ( Figure 2D, E and F) . Consistently, chemical inhibitor of Nrf2, Brusatol, notably attenuated SQSTM1 expression and endometrial cell growth promoted by TAM ( Figure 2G , H and I, Supplemental Figure 4A and B) . Taken together, these data suggested that Nrf2 was implicated in TAM-induced SQSTM1 expression and endometrial cell growth. 
TAM activated Nrf2 specifically in endometrial cells
However, SQSTM1 could stabilize Nrf2 protein level by promoting its dissociation from E3 ubiquitin ligase KEAP1 [13, 14] . Therefore, Nrf2 stabilization and subsequent nuclear translocation might be the consequence of increased SQSTM1 expression, thus forming a positive feedback loop to sustain Nrf2 activity. Indeed, both TAM and 4-OH-TAM significantly increased Nrf2 protein expression and nuclear translocation in endometrial cancer cells but not breast cancer cells ( Figure 3A and B, Supplementary Figure 5A) . The mRNA level of NQO1, a well-known Nrf2 target gene, was increased by 4-OH-TAM in endometrial cancer cells but not breast cancer cells (Figure 3C ), confirming the specific activation of Nrf2 by 4-OH-TAM in endometrial cancer cells. However, knock-down of SQSTM1 expression had negligible effects on 4-OH-TAM-or TAM-induced elevation of Nrf2 expression and nuclear translocation ( Figure 3D and Supplemental Figure 5B , C). Overexpression of SQSTM1 also failed to alter Nrf2 expression and nuclear translocation ( Figure 3E and F) . Altogether, these results indicated that TAM activated Nrf2 independent of SQSTM1.
Expression of Nrf2 and SQSTM1 in endometrial tissues
Next, we evaluated the expression of Nrf2 and SQSTM1 in primary endometrial tissues to further verify the clinical relevance of Nrf2-SQSTM1 axis. A total of 55 clinical samples including 27 endometrial hyperplasia and 28 normal endometrial tissues. Among 27 cases with endometrial hyperplasia, 18 cases were breast cancer patients received TAM treatment. Both Nrf2 and SQSTM1 were significantly upregulated in endometrial hyperplasia tissues when compared with their expressions in normal uterus ( Figure 4A and B, chi-square test, p<0.01). Moreover, Nrf2 and SQSTM1 were significantly upregulated in endometrial tissues from patients with TAM treatment when compared with their expressions in endometrial tissues from patients without TAM treatment ( Figure 4C , chi-square test, p<0.01). Importantly, the expression of Nrf2 was significantly correlated with SQSTM1 expression ( Figure 4D , chi-square test, p<0.01), further implying the relevance of Nrf2-SQSTM1 axis to the pathogenesis of TAM-induced endometrial hyperplasia. 
TAM activated Nrf2-SQSTM1 axis to promote endometrial hyperplasia in rats
To verify the relevance of Nrf2-SQSTM1 axis to TAM-induced endometrial hyperplasia, we established the endometrial hyperplasia animal model in rats treated with TAM ( Figure 5A ) [7] . After 7 weeks treatment, endometrial hyperplasia was successfully induced ( Figure 5B and C, p<0.01). Meanwhile, both SQSTM1 mRNA and protein levels were increased after TAM treatment ( Figure 5D and E). Interestingly, endometrial hyperplasia was greatly reversed upon the application of Nrf2 inhibitor brusatol ( Figure 5B and C, p<0.01), accompanied by the significant reduction of SQSTM1 expression ( Figure 5D and E).
TAM activated Nrf2 through phosphorylation at serine 40
Next, we tried to explore the mechanism underlying Nrf2 activation by TAM. 4-OH-TAM could promote Nrf2 nuclear translocation within 2 hours ( Figure 6A ). Meanwhile, there were little changes in the total expression level of Nrf2 at this time point (data not shown). Therefore, the increase of Nrf2 protein level was most likely the consequence rather than the cause of enhanced Nrf2 nuclear translocation.
It has been reported that phosphorylation of Nrf2 at serine 40 (S40) could facilitate the translocation of Nrf2 to nucleus [31] .
Indeed, S40 phosphorylation of Nrf2 was increased shortly after 1 hour of 4-OH-TAM incubation ( Figure  6B ). In addition, S40 phosphorylated Nrf2 in the nucleus was increased after 4-OH-TAM treatment in endometrial cancer cells ( Figure 6C ). Importantly, mutation of serine 40 into phosphorylation-defective alanine in Nrf2 (Nrf2-S40A) reduced its transcriptional activity and lost its ability to increase SQSTM1 expression ( Figure 5D and E). In contrast, both wild type (Nrf2-WT) and phosphorylation-mimicking Nrf2 (Nrf2-S40E) retained their transcription activity to promote SQSTM1 expression ( Figure 5D and E). Furthermore, TAM failed to increase the nuclear localization of Nrf2-S40A (Figure 5F ), highlighting the importance of S40 phosphorylation to TAM-induced Nrf2 nuclear translocation. In conclusion, TAM activated Nrf2 by promoting its phosphorylation at serine 40.
PRKCD was involved in TAM-induced Nrf2 S40 phosphorylation
Previous reports demonstrated that oxidant stress could activate PRKCD (protein kinase C delta) to phosphorylate Nrf2 at serine 40 [31, 34, 35] . We, thus, explored the relevance of PRKCD to TAM-induced Nrf2 activation. As shown in Figure  7A , 4-OH-TAM indeed activated PRKCD in both RL95-2 and AN3CA cells. Moreover, 4-OH-TAM failed to stimulate Nrf2 phosphorylation ( Figure 7B ) as well as subsequent SQSTM1 mRNA and protein expression ( Figure 7C and D) , once PRKCD was knocked down. Taken together, TAM stimulated Nrf2 to promote SQSTM1 transcription through the activation of PRKCD. were analyzed by western blotting. D, P62-pro/pGL2 or pGL2 vector were co-transfected with Nrf2 wild type (Nrf2-WT) or S40 phosphorylation deficient mutant (Nrf2-S40A) or S40 phosphorylation mimic mutant (Nrf2-S40E) or vector in AN3CA cells. Forty-eight hours later, the effects of wild type or mutated Nrf2 on SQSTM1 promoter activity were determined by luciferase activity assay. The experiments were performed in triplicate and repeated three times. Representative results were shown as Mean±SD. Asterisks indicate statistical significance (Student's T test, p<0.05). E, Forty-eight hours after Nrf2-WT or Nrf2-S40A or Nrf2-S40E or vector transfection in AN3CA cells, the expression and nuclear distribution of wild type or mutated Nrf2 and SQSTM1 protein expression were analyzed by western blotting. F, Nrf2-WT or Nrf2-S40A was transfected into AN3CA cells for 48 hours. Nuclear distributions of Nrf2-WT or Nrf2-S40A in AN3CA cells before and after 2h incubation of 4-OH-TAM (20 μM) were explored by western blotting. 
Discussion
The increased incidence of endometrial hyperplasia even endometrial cancer restricted HR positive breast cancer patients to benefit from long-term TAM therapy. In the present study, we found TAM treatment promoted endometrial hyperplasia by activating PRKCD to stimulate Nrf2 activation and subsequent SQSTM1 transcription ( Figure 7E) .
In addition to function as substrate adaptor for autophagy, SQSTM1 plays an important role in the pathogeneses of various cancers. Its expression was increased in many tumors such as breast cancer, lung cancer and pancreatic cancer [22] [23] [24] . Meanwhile, SQSTM1 can be activated by post-translational modifications, like phosphorylation, to promote carcinogenesis [25] . Therefore, substantial efforts have been implemented to develop anti-cancer therapies based on SQSTM1-targeting. However, the inhibition of SQSTM1 function will inevitably result in the defect in autophagy and ubiquitin-proteasome system (UPS), leading to the stabilization of many oncoproteins such as Twist and MMPs [36] . Possibly due to such double-sword effects, the inhibition of SQSTM1 has not turned into promising outcomes. Instead, molecules upstream or downstream of SQSTM1 might be potential targets for anti-cancer therapy.
Activation of mTOR, NF-kB and Nrf2 signaling has been considered to be the predominant mechanism underlying tumorigenic function of SQSTM1. By direct interaction with KEAP1, SQSTM1 can facilitate the disassociation of Nrf2 from KEAP1 to activate the anti-oxidant response [25, 37, 38] . Interestingly, Nrf2 could bind the anti-oxidant response element presented within the promoter of SQSTM1 and activate its transcription, thus forming a positive feedback loop for sustained expression of Nrf2 and SQSTM1 [33] . In this report, we found TAM activated this positive feedback loop to promote endometrial hyperplasia by stimulating Nrf2 phosphorylation. As the result, chemical inhibitor of Nrf2 successfully reversed TAM-induced endometrial hyperplasia in rats. Importantly, TAM-induced Nrf2 activation seems to be specific to endometrial cells but not breast cancer cells. TAM failed to induce Nrf2 nuclear translocation and subsequent SQSTM1 transcription in MCF7 cells, leading to the inhibition rather than promotion of cell growth. Therefore, inactivation of Nrf2 could be clinically valuable for the prevention of TAM-induced endometrial hyperplasia in breast cancer patients undertaking long-term TAM treatment.
Furthermore, we found TAM stimulated Nrf2 S40 phosphorylation and nuclear translocation through activating PRKCD. In fact, estrogen can activate PRKCD to prevent the ubiquitin-dependent proteasome degradation of oncogenic K-Ras protein [39] . Inhibition of PRKCD activation succeeded to block estrogen-induced cellular transformation in vitro and xenograft tumor growth in vivo. However, such a function seemed dependent on ERα-36 rather than the canonical ERα-66 isoform. Therefore, it would be interesting to know whether TAM activated PRKCD and subsequent Nrf2-SQSTM1 axis in endometrial cells through ERα-36. Moreover, elevated PRKCD expression or Nrf2 activity has been reported to be associated with resistance to TAM in breast cancer [40] [41] [42] . This was consistent with proliferative effect of TAM in uterus, as reported here. Therefore, inhibitors of PRKCD or Nrf2 might be also useful to overcome intrinsic or acquired TAM resistance in breast cancer.
In summary, TAM stimulated Nrf2-dependent SQSTM1 transcription to promote endometrial hyperplasia by activating PRKCD. Nrf2 inhibitor brusatol effectively reversed TAM-induced endometrial hyperplasia. Therefore, blocking PRKCD-Nrf2-SQSTM1 signaling might be useful to overcome TAM resistance in breast cancer cells, in addition to prevent TAM-induced endometrial hyperplasia.
